ABSTRACT: The loss of sulfur cathode material as a result of polysulfide dissolution causes significant capacity fading in rechargeable lithium/sulfur cells. Here, we use a chemical approach to immobilize sulfur and lithium polysulfides via the reactive functional groups on graphene oxide. This approach enabled us to obtain a uniform and thin (around tens of nanometers) sulfur coating on graphene oxide sheets by a simple chemical reactionÀdeposition strategy and a subsequent low-temperature thermal treatment process. Strong interaction between graphene oxide and sulfur or polysulfides enabled us to demonstrate lithium/sulfur cells with a high reversible capacity of 950À1400 mA h g
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, and stable cycling for more than 50 deep cycles at 0.1C (1C = 1675 mA g À1 ).
E lemental sulfur (S) is very attractive as a cathode material for high-specific-energy rechargeable lithium batteries, because a battery based on the lithium/sulfur (Li/S) couple would yield a theoretical specific capacity of about 1675 mA h g À1 with a theoretical specific energy of 2600 W h kg À1 on the assumption of the complete reaction of Li with S to form Li 2 S. In addition, S is also inexpensive, abundant, and nontoxic. Therefore, S is a promising cathode material for high specific energy Li/S batteries.
1À15 Despite these considerable advantages, there are still a number of challenges in Li/S batteries. The first one is the high electrical resistivity of elemental S. The second one is the high solubility (in organic solvent electrolytes) of the polysulfide ions that are formed during the discharge/charge processes. The soluble intermediate Li polysulfides can diffuse through the electrolyte to the Li anode where they are reduced to form solid precipitates (such as Li 2 S or Li 2 S 2 ). These reduced products can also diffuse back to the cathode during recharging. These issues can lead to low active materials utilization, low coulombic efficiency, and short cycle life of the S electrode. 1À15 In order to address these challenges, various carbon and conductive polymer materials have been used to accommodate S, to overcome its insulating property and reduce the dissolution of Li polysulfides, as reported by Nazar, et al. 1, 13, 15 and others. 4,6,7,10,12,16À22 The most recent work by Archer et al.
demonstrated that the mesoporous carbon/S nanocomposites can be cycled for 100 cycles at 974 mA h g À1 at a rate of 0.5C (1C = 1675 mA g
) with the corresponding coulombic efficiency of ∼96% and 94%, respectively, at the first and 100th cycles.
23 Despite this progress, there are still few reports on fabricating novel CÀS cathodes via the chemical reaction approach. 14 In this work, we used a low-cost and environmentally benign chemical reactionÀdeposition strategy to immobilize S on quasitwo-dimensional graphene oxides (GO) to prepare graphene oxideÀsulfur (GO-S) nanocomposite cathodes for Li/S cells in ionic liquid-based electrolytes. We first deposited nano-S onto graphene oxide (GO) sheets by chemical reaction in a microemulsion system (see experimental section in the Supporting Information [SI] for details). Then, we heat treated the assynthesized samples in an argon (Ar) environment at low temperature (155°C) for 12 h in order to remove some of the bulk S which is not directly attached to the GO layers. When the as-synthesized GO-S nanocomposites were heat-treated in Ar, the bulk S on the external surface of the GO melted and diffused into the pores of the GO due to the strong adsorption effects derived from both the high surface area and the functional groups on the surface of the GO. At the same time, this low-temperature heat treatment process can partially remove and/or chemically modify some of the functional groups on the GO surface and improve the electronic conductivity of the as-prepared GO-S nanocomposites (see Table 1 in the SI). Figure 1a shows the scanning electron microscope (SEM) image of the as-prepared GO-S nanocomposite after heat treatment. The layer-like extremely conjugated nanostructures with highly developed porous structures are clearly illustrated. The energy-dispersive X-ray (EDX) microanalysis in Figure 1b confirms the existence of S in the composite. As indicated in the thermogravimetric analysis (TGA), about 66 wt % S is incorporated into the GO after heat treatment ( Figure S1 , SI). The transmission electron microscope (TEM) image in Figure 2a and the electron energy-loss spectrum (EELS) in Figure 2d indicate that a thin layer of S with a thickness of tens of nanometers is homogenously dispersed on the flake-like GO surface with no significant fraction of bulk S exposed on the external surface of the sample after heat treatment (For comparison, see the SEM images for pure GO and SEM/TEM images for GO-S nanocomposites in Figures S2 and S3 (SI) before heat treatment). The corresponding elemental mapping of carbon (Figure 2b ), and S ( Figure 2c ) display a very similar intensity distribution, revealing a homogeneous S coating on the GO flakes in the as-formed GO-S nanocomposites.
The unique structure of the GO-S nanocomposite can improve the overall electrochemical performance when it is used as a cathode material for Li/S batteries. First, it can accommodate the significant volume changes of S as it is converted to Li 2 S on discharge, and back to elemental S on recharge. 1À10,17,24 In addition, the partially reduced GO with its large surface area along with ubiquitous cavities can establish more intimate electronic contact with S and avoid aggregation and loss of electrical contact with the current collector. Second, the lowtemperature heat-treated GO still contains various kinds of functional groups ( Figure S5 , SI).These functional groups can have strong adsorbing ability to anchor S atoms and to effectively prevent the subsequently formed Li polysulfides from dissolving in the electrolyte during cycling.
We performed ab initio calculations to clarify the role of functional groups on GO in immobilizing S (see the calculation methods and detailed results in the SI). The results indicated that both epoxy and hydroxyl groups can enhance the binding of S to the CÀC bonds due to the induced ripples by the functional groups (Figure 3a) . We also performed soft X-ray absorption spectroscopy (XAS) measurement which probes unoccupied electronic structure and thus is a powerful tool for probing chemical bonding in surface chemistry. Figure 3b shows the carbon K-edge absorption spectra for both GO and GO-S nanocomposites (see S K-edge spectrum in Figure S7 , SI). The absorption features "A", "D", and À1 scanning rate; (b) galvanostatic discharge/charge profiles at 0.02C rate; (c) cycling performance at a constant current rate of 0.1C after initial activation processes at 0.02C for two cycles; (d) reversible capacity vs current density (rate capability). The GO-S nanocomposites were heat treated in Ar environment at 155°C for 12 h.
"E", which can be attributed to the π* state, excitonic state, and σ* state, 25 are observed for both samples. Of note in the spectra is the increase in the sharpness of the π* and excitonic state for GO-S nanocomposites as compared with GO, suggesting that the ordering of the sp 2 -hybridized carbon structure is better formatted after S is incorporated. In addition, feature "C" originating from a different functional group (possibly the CÀO bond) on the GO are weakened significantly when incorporated with S, which means strong chemical interaction between S and the functional group of GO happens and S can partially reduce the GO. 26 Besides, a new feature "B", originating from the CÀS σ* excitations, 27 is observed for the GO-S nanocomposites. We evaluated the electrochemical Li storage capability of these heat-treated GO-S nanocomposites as potential cathode materials for Li/S cells in the n-methyl-(n-butyl) pyrrolidinium bis-(trifluoromethanesulfonyl)imide (PYR 14 TFSI), Li-bis(trifluoromethylsulfonyl)imide (LiTFSI), and poly(ethylene glycol) dimethyl ether (PEGDME, M w = 250) mixture-based electrolyte. Figure 4a shows the cyclic voltammetry (CV) profile of one electrode. The measurement was conducted at a scan rate of 0.05 mV s À1 in the voltage range of 1.0 to 3.6 V vs Li/Li + . During the first cathodic scan, three main reduction peaks at around 2.4, 2.1, and 1.8 V were clearly shown. According to the reported mechanisms for oxidation and reduction of S during discharge/ charge, 5, 6, 10, 18, 19 ,28À31 the peak at around 2.4 V can be assigned to the reduction of elemental S to higher-order Li polysulfides (Li 2 S n , n g 8). The peak at about 2.1 V probably corresponds to the reduction of higher-order Li polysulfides to lower-order Li polysulfides (such as Li 2 S 6 , Li 2 S 4 ) from Li 2 S 8 .
5,6,10,16À21,28À31
The peak at 1.8 V is related to the reduction of polysulfide species to form Li 2 S. In the subsequent anodic scan, only one sharp oxidation peak is observed at about 2.6 V that is attributed to the complete conversion of Li 2 S and polysulfides into elemental S. The main reduction peak is shifted to slightly higher potential and the oxidation peaks to lower potentials with increase in cycle number, indicating an improvement of reversibility of the cell with cycling. In addition, as the cycle number increased, the oxidation peak at 2.6 V becomes less significant, while another new one at 2.35 V grows higher in intensity. The oxidation peak at 2.35 V is associated with the formation of Li 2 S n (n > 2).
23,29
After the second cycle, both the CV peak positions and peak currents undergo very small changes, indicating relatively good capacity retention. The CV results show that GO can help to prevent S from dissolving into the electrolyte because of its large surface along with some functional groups on the surface. The GO-S nanocomposite delivers a high initial discharge capacity of about 1320 mA h g À1 at 0.02C. The corresponding coulombic efficiency in the first discharge/charge cycle is 96.4%. At the second cycle, a large reversible capacity of about 1247 mA h g À1 is preserved (97.5% coulombic efficiency), corresponding to about 94.5% capacity retention. This initial capacity loss is small compared to the formerly reported results of similar materials, 16, 32 indicating that the strong GO-S interaction can reduce the dissolution of the lithium polysulfides into the electrolyte and thus minimize the shuttle phenomenon. Figure 4c shows the cycling performance of the same cell cycled at a rate of 0.1C after the initial two cycles at 0.02C. The discharge capacity of the first cycle at 0.1C remains at around 1000 mA h g
À1
. At the second cycle at 0.1C, this value decreases to about 950 mA h g À1 . However, after more than 50 cycles at the same rate, the reversible capacity remains at 954 mA h g À1 (with a coulombic efficiency of about 96.7%), indicating very stable reversibility of the electrochemical reactions and excellent capacity retention (also see the cycle performance of another coin cell in Figure S10 , SI). The GO-S nanocomposites display improved coulombic efficiencies compared to the former reports. 23 The discharge capacity of the GO-S was highly reproducible over many coin cells. Another example of the electrochemical performance of the GO-S electrode is demonstrated in Figure 4d where a cell showed a reversible capacity of 735 mA h g À1 at 0.5C after 30 cycles at various rates. Further cycling at a low rate of 0.05 C brings it back to a reversible capacity of about 1100 mA h g À1 for another 20 cycles. When this coin cell was discharged at a higher rate of 1C, a reversible capacity of about 550 mA h g À1 was obtained. The last decrease of the rate to 0.2C, yielded a reversible capacity of about 890 mA h g À1 . When this coin cell was further discharged at 2C, an acceptable reversible capacity of about 370 mA h g À1 was obtained, indicating excellent capacity reversibility and high rate performance (see the corresponding discharge/charge profiles in Figure  S11 , SI.)
The GO clearly performs very well as a means to stabilize the S electrode. The GO provides highly reactive functional groups on its surface that can serve as immobilizers to hold the S. 1, 5, 8 Also, by limiting the concentration of the polysulfide anions in the electrolyte, the redox shuttle phenomenon is largely avoided. 1, 8, 9 The intimate contact of the S provided by the large surface area and the functional groups on GO is favorable to good electron/ ion accessibility, leading to enhanced cycle performance and rate capability. 1À9,17,20 In addition, the optimized ionic liquid-based electrolytes which have suitable viscosities and wetting properties influence the penetration of electrolyte into the S electrode structure, while increasing the ionic conductivity within the electrodes at the same time (see control experiment in LiTFSI-PEGDME-based electrolyte in Figure S12 , SI). 5, 33, 34 In summary, a novel chemical approach is employed to synthesize a GO-S nanocomposite to immobilize S in the cathode material of Li/S cells. The GO-S nanocomposite cathodes display good reversibility, excellent capacity stability of about 1000 mA h g À1 , and rate capability of up to 2C in ionic liquid-based electrolyte. The GO in the heat-treated composites has good conductivity and an extremely high surface area, and provides a robust electron transport network. The functional groups on the GO surface play the role of immobilizers that keep intimate contact of the conducting matrix with S species, and effectively confine any polysulfides from dissolving. The GO network also accommodates the volume change of the electrode during the LiÀS electrochemical reaction. As a result, reversibility and high rate discharge capability were obtained. The same strategy could be helpful to explore and develop new porous carbon 35, 36 or conductive polymer-based S nanocomposite cathodes for advanced Li/S cells.
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